Alkaline pH triggers an adaptation mechanism in fungi that is mediated by Rim101/PacCp, a zinc finger transcription factor. To identify the genes under its control in Ustilago maydis, we performed microarray analyses, comparing gene expression in a wild-type strain versus a rim101/pacC mutation strain of the fungus. In this study we obtained evidence of the large number of genes regulated mostly directly, but also indirectly (probably through regulation of other transcription factors), by Rim101/PacCp, including proteins involved in a large number of physiological activities of the fungus. Our analyses suggest that the response to alkaline conditions under the control of the Pal/Rim pathway involves changes in the cell wall and plasma membrane through alterations in their lipid, protein and polysaccharide composition, changes in cell polarity, actin cytoskeleton organization, and budding patterns. Also as expected, adaptation involves regulation by Rim101/PacC of genes involved in meiotic functions, such as recombination and segregation, and expression of genes involved in ion and nutrient transport, as well as general vacuole functions.
INTRODUCTION
Changes in the external pH from neutral to alkaline conditions trigger a complex regulatory mechanism involving the activation and repression of a wide variety of genes associated with different processes. In most fungi, this regulation takes place through a signal transduction pathway (named the Pal/Rim pathway) that gives rise to proteolytic activation of a zinc finger transcriptional factor called Rim101 or PacC (here named as Rim101/PacC), which was first described through its role in the regulation of phosphatase expression in Aspergillus nidulans (Caddick et al., 1986; Arst et al., 1994) , and as a positive regulator of the expression of meiotic and sporulation genes in Saccharomyces cerevisiae (Su & Mitchell, 1993) .
The Pal/Rim pathway from Ascomycota involves six gene products (namely Rim21/PalH, Rim8/PalF, Rim20/PalA, Rim13/PalB, Rim23/PalC and Rim9/PalI). Interestingly, Cervantes-Chávez et al. (2010) demonstrated that all Basidiomycota species whose genomes have been sequenced contain, in addition to Rim101/PacC, homologues of only four of the genes known to be involved in the Pal/Rim pathway present in Ascomycota: Rim20/PalA, Rim13/PalB, Rim23/PalC and Rim9/PalI.
The fact that homologues of the Pal/Rim pathway have been found in species belonging to different fungal phyla is indicative of its high degree of conservation within the kingdom, and its essential role in the regulation of intracellular pH. Data obtained from different Ascomycota show that Rim101/PacC regulates a wide variety of functions, e.g. in S. cerevisiae it regulates ion tolerance and cellular differentiation, functions as a negative regulator of haploid invasive growth, and stimulates expression of the meiosis gene activator Ime1 (Lamb et al., 2001; Lamb & Mitchell, 2003) . In other species, such as A. nidulans or Colletotricum acutatum, lack of Rim101/PacC results in hypersensitivity to growth at alkaline pH, reduced virulence, and induction of alterations in appressoria formation and spore germination (Tilburn et al., 1995; You & Chung, 2007) . In Candida albicans, Rim101/PacC allows adaptation to neutral or acid pH, regulates formation of infective mycelium and increases cellular damage to the host (Nobile et al., 2008; Davis et al., 2000) , and in Colletotricum acutatum it plays a critical role in salt tolerance, virulence, and membrane and cell wall integrity (You & Chung, 2007) . Finally, in the Basidiomycota (e.g. Ustilago maydis and Cryptococcus neoformans) it regulates ion stress susceptibility, septum deposition, cell wall integrity, and secretion of proteases, lipases and polysaccharides (Aréchiga-Carvajal & Ruiz-Herrera, 2005; O'Meara et al., 2010) .
Despite the wide spectrum of information published on the importance of Rim101/PacC, and/or the Pal/Rim pathway in general, in the regulation of different physiological functions of fungi, no study has dealt with the genes regulated by this important transcriptional regulator. Accordingly, in the present study, we proceeded to identify the U. maydis genes whose expression is regulated by Rim101/PacCp under alkaline conditions (pH 9). Comparison of gene expression patterns between a wild-type strain and a Drim101/pacC mutant revealed that Rim101/ PacC mediates adaptation of the fungus to alkaline conditions through changes in cell wall architecture, membrane lipid content, regulation of energy systems, proton pumps, cell cycle control, various DNA-related processes and regulation of a wide variety of transcriptional factors.
METHODS
Strains and growth conditions. The following strains were used in this study: U. maydis wild-type strain FB2 [a2b2 (Banuett & Herskowitz, 1989) , obtained from Flora Banuett, California State University, Long Beach, CA, USA]; and U. maydis mutant BMA2 [a2b2 Drim101 : : hyg (Aréchiga-Carvajal & Ruiz- Herrera, 2005) ]. The strains were stored at 280 uC in 50 % (v/v) glycerol and were grown in complete media (CM) or minimal media (MM) (Holliday, 1961) . Liquid CM was inoculated with stock suspensions of frozen cells, shaken at 28 uC for 2 to 3 days to induce nutritional stress (RuizHerrera et al., 1995) , inoculated (10 6 cells ml 21 ) into liquid MM pH 9 buffered with 50 mM Tris/phosphate buffer and shaken (170 r.p.m.) at 28 uC for 14 h. This medium was also used to determine the growth rate of the strains.
Nucleic acid manipulations. DNA was obtained using a modification of the protocol of Barth & Gaillardin (1996) , adding a 10 min incubation on ice after addition of TES buffer (50 mM Tris/HCl pH 7.5, 20 mM EDTA, 1 % SDS), followed by addition of glass beads (Sigma) and vortexing for 4 min to break the cells.
Total RNA was isolated from two different biological replicates using a slight modification of the protocol of Jones et al. (1985) . Cells from each one of the experiments were grown in duplicate cultures as described above. After recovering the aqueous phase from phenol/ chloroform, and before incubation with LiCl, we added 1 volume isopropyl alcohol and 1 volume of a solution containing 0.8 M NaCl and 1.2 M sodium citrate, centrifuged the mixture, discarded the aqueous phase, dried the pellet and suspended it in 100 ml H 2 O-DEPC (diethylpyrocarbonate), and continued with the protocol. RNA integrity was determined by denaturing gel electrophoresis and RNA purity was assessed by UV absorbance using a NanoDrop spectrophotometer (NanoDrop 2000c; Thermo Scientific). RNA from all the samples of each strain was mixed together, and cDNA synthesis, labelling and microarray hybridization were performed by Roche NimbleGen. The microarrays used were high-density (one channel) arrays generated according to a design from Scott Gold (University of Georgia, Athens, GA, USA). Five different oligonucleotide probes per gene (60 nt in length) per duplicate represented each one of the 6883 genes of the U. maydis genome (GSE accession no. GSE53341). Accordingly, the expressed data are equivalent to 10 different assays of the expression of each gene.
The raw files from NimbleGen were analysed using the program Arraystar (DNASTAR) and subjected to RMA (robust multi-array analysis), quantile normalization and background correction as implemented in the NimbleScan software package, version 2.4.27 (Roche NimbleGen). The parameters used to filter gene expression were twofold of differential expression of each gene in the two strains with a Z-score higher than 1.5, using Student's t-test P,0.05 as a threshold.
For gene identification we used the U. maydis database from the National Center for Biotechnology Information, the Munich U. maydis database MUMDB (Güldener et al., 2006) , Pfam (Punta et al., 2012) , InterPro (Burge et al., 2012) and UNIPROT (UniProt Consortium, 2012) to assign putative functions to the genes, and the YEASTRACK database (Teixeira et al., 2006 (Teixeira et al., , 2014 Monteiro et al., 2008; Abdulrehman et al., 2011) to analyse the promoter region. The presence of the putative site for binding of Rim101/PacCp (59-GCCARG-39; Espeso & Peñalva, 1996) was determined for a representative sample of genes regulated by this transcription factor, through Sanger sequencing of the promoter region of six genes. Their nucleotide sequences are available in GenBank.
Putative pathways were assigned using the tool FUNCATDB (Teixeira et al., 2014) from MUMDB. The putative functions of the genes were analysed and organized into the categories given by FUNCAT. At this point we renamed and reorganized some categories according to the description of the genes. We refer to genes as positively regulated if the comparison between activity in the wild-type strain and the Drim101/pacC mutant gave a higher value in the wt, and negatively regulated if it gave a higher value in the Drim101 mutant. A threeletter code was used in order to identify the putative organism homologue.
Gene-specific primers were used to amplify total RNA reverse transcribed using quantitative retro-transcription PCR (qRT-PCR) in a Bio-Rad IQ system using SYBR Green qRT-PCR master mix (Agilent). Primer sets were designed against the nucleotide sequence, as deposited in the MUMDB database. The optimum annealing temperature for each primer set was determined prior to the analysis of experimental samples. A sample volume of 25 ml was used for all assays, which contained a 16 final concentration of SYBR green PCR master mix, 200 ng gene-specific primers and 100 ng template. All samples and standards were run in triplicate. Assays were run using the following protocol: 95 uC for 10 min; 15 s and gene-specific annealing temperature 60 uC for 50 s, for 40 cycles. Relative quantification was realized by the DC T method using the gene um03049 as a reference gene, whose expression was constant under our conditions.
RESULTS AND DISCUSSION

Validation of the microarrays by qRT-PCR
Although the data of microarrays of high-density (one channel) involve the determination of a mean of 10 replicas per gene, and accordingly do not require to be validated by another procedure (see Methods), we proceeded to validate our data by means of qRT-PCR. For this we randomly selected 12 genes and proceeded to the determination of their transcription values using specific primers (see Methods). The results obtained are shown in Fig. S1 (available in the online Supplementary Material), where a statistically significant correlation is observed (r50.496) between qRT-PCR and microarray, with a fold-change variation between techniques of 0.2-to 2-fold. The genes um11588, um05068 and um06470 exhibit a greater fold-change variation, a phenomenon that we cannot explain satisfactorily, in some instances this has been reported previously (Morey et al., 2006) . In addition to the statistical correlation, the data obtained by the microarray are consistent with data described in the literature, as described below.
Microarray results and analysis strategy
Basidiomycota do not possess all of the members of the Pal/Rim pathway reported in Ascomycota (CervantesChávez et al., 2010; Peñalva et al., 2008) , but regulate several shared functions, including enzyme secretion, polysaccharide secretion and stress resistance (Aréchiga-Carvajal & Ruiz-Herrera, 2005; You & Chung, 2007) . In this study, believed to be the first one devised for the identification of the genes controlled by Rim101/PacC under high pH conditions in a Basidiomycota species, we have obtained data that suggest the mechanism by which the Pal/Rim pathway helps fungi to adapt to external alkaline conditions of growth.
In order to identify these, wild-type and Drim101/pacC mutant strains were grown at pH 9 in a buffered medium for 14 h (early exponential phase). As previously described (Aréchiga-Carvajal, & Ruiz-Herrera, 2005) , Drim101/pacC yeast cells exhibited abnormal septum deposition, probable chitin patches that stained with calcofluor, cell wall abnormalities and increased cellular size, whereas the wild-type strain had the typical cigar shape without visible stress at pH 9 (Aréchiga-Carvajal, & Ruiz-Herrera, 2005) . The U. maydis wild-type strain grown at pH 9 showed a higher growth rate than the Drim101/pacC mutant up to 14 h, but after this time the mutant recovered. That was the reason for selecting an incubation time of 14 h to determine the transcriptome of both strains.
Microarray data analyses identified 1425 differentially expressed genes in the comparison between wild-type and mutant strains, of which 788 were positively regulated, and 637 were negatively regulated. Fig. 1 shows Venn diagrams with the functional classification of the differentially regulated genes using MIPS FunCat.
In silico promoter analysis
To identify genes probably directly regulated by Rim101/ PacC, we determined in silico the presence of the putative consensus sequence recognized by this transcriptional factor (see Methods) in the promoter region of all the regulated genes (see Tables 1, 2 , 3, 4, 5 and 6). In order to confirm the validity of these results we proceeded to sequence the regulatory regions of several representative genes. Our data for the following sequences are registered in GenBank: um03475 (accession no. KJ697722), um03908 (accession no. KJ697720), um04171 (accession no. KJ697723), um10211 (accession no. KJ697724) and um10432 (accession no. KJ697721). Our in silico results revealed that 94 % of Rim101/PacC-regulated genes (of the sample of 212 presented in Tables 1, 2 , 3, 4, 5 and 6) contain from 1 to 15 copies of this putative motif, suggesting that indeed they are directly regulated by Rim101/PacC. However, its absence suggests an indirect regulation through secondary transcriptional factors, like in the case of um11057 (339.7 positive fold change), a highly negative regulated gene (Table 2) , and um03917 (Table 6 ; 2.1 positive fold change). Promoter analysis of um11057 revealed the presence of putative binding sites for Nrg1p, a transcription factor involved in the formation of the capsule polysaccharide, involved in pH response, and in ion tolerance of C. neoformans and S. cerevisiae, and known to be regulated by Rim101p (O'Meara et al., 2010; Lamb & Mitchell, 2003) .
Genomic responses
Endosomes. We identified some genes linked to the endosomal sorting complexes required for the intracellular vesicle transport: um00505 (2.2 negative fold change) encoding a homologue of S. cerevisiae BRO1 (Peñalva et al., 2008) and PalCp (um04392, 4.2 negative fold change), a member of the Pal/Rim pathway negatively regulated by Rim101/PacC (Table 1 ). However, positively regulated genes are involved in Golgi and vacuole system transports, suggesting functions of vesicle transport from the endoplasmic reticulum (ER) to Golgi and to vacuoles (Tables 1  and S1 ). Also our analyses revealed negative regulation of proteins involved in intracellular transport, coating, exocytosis and different vacuolar functions, like um11485 (4.2 negative fold change), a SNARE protein of the Golgi compartment, and um11219 (TLG2, 2.1 negative fold change), a member of the syntaxin family of t-SNARES (Table 1) . These functions are apparently negatively regulated by the Pal/Rim pathway.
Ion sensitivity. Ion sensitivity has been reported to be increased by mutation of members of the Pal/Rim pathway (Cervantes-Chávez et al., 2010). Here we report the positive regulation of a membrane regulator of sodium toxicity (um05720, 2.2 positive fold change), and negative regulation of an ion homeostasis regulator (Table 6 ; um00691, 2.1 negative fold change). Of additional importance was the regulation of cation and anion transporters, including those involved in proton movement, and sodium, chromate, zinc, potassium, copper, magnesium, calcium, and inorganic and organic phosphate uptake, and different types of ABC transporters (Tables 2 and S2 ). Of particular interest are some genes encoding transporters that are highly negatively regulated, e.g. um03110, a zinc transporter (290.6 negative fold change), a sodium/ phosphate co-transporter (um03475, 331.9 negative fold change); and some genes encoding proteins that are positively regulated, e.g. a copper transporter (um11588, 28.3 positive fold change), a vacuolar proton/calcium exchange system (um05132, 20.1 positive fold change), genes with similarity to ENA2 that mediate Na + or K + fluxes in the ER and other endomembranes, which are related to sodium stress sensibility in U. maydis (Benito et al., 2009; Németh-Cahalan & Hall, 2000;  Table 2 ). These data reveal that the Pal/Rim pathway is involved in the stimulation of the transport of some compounds, while it inhibits the entrance of other ones, possibly preventing toxic effects to the cell.
Another large group of genes that were positively regulated are categorized by their similarity to the major facilitator superfamily (Tables 2 and S2 ) and multidrug-resistance proteins (Tables 2 and S1 ). As pointed out above, it is likely that their positive regulation counteracts the formation of toxic compounds under stress conditions. Other negatively regulated transporters that are involved in luminal pH regulation are um05503 (VMA3, encoding a vacuolar ATPase; 2.5 negative fold change), whose mutation provokes vacuolar alkalinization from 6.0 to 6.4 and a cytosolic pH decrease from 6.0 to 5.5, and an Na We found that the genes encoding peroxisomal and siderophore proteins (Table 5) were negative regulated by Rim101/PacC, supporting the high expression at alkaline pH of transport, biosynthesis and uptake of siderophores proteins found in C. neoformans and A. nidulans (Eisendle et al., 2004; O'Meara et al., 2010) . It seems that external alkaline pH affects nutrient availability, a negative effect that is contrasted by the Rim101/PacC positive regulation of 14 genes encoding metabolite permeases, modulating the uptake of carbohydrates, oligopeptides, amino acids and different metabolites such as nitrate, tartrate, quinate, organic anions and phosphate, through phosphate translocators (see Tables 2 and 3 ). In this context, the high positive regulation of genes encoding sugar, glutathione and neutral amino acids transporters, and the repression of a gene encoding a general amino acid permease, are noteworthy (see Tables 3 and S3 ). These data agree with the report of the negative effect of alkaline pH on nutrient disposition, as reported in Fibrobacter succinogenes and Lemna gibba (Novacky et al., 1980; Martin, 1992) .
Membrane and cell wall. The cell interacts with the environment through the cell wall and the plasma membrane; accordingly the organism must make some adaptations in order to survive ambient stress conditions like alkaline pH. As shown in Table 4 , Rim101/PacC positively regulates genes involved in the synthesis of some cell wall components, membrane lipids and membrane proteins, such as those encoding glycosyltransferases, glucan synthases, glucosidases involved in cell wall polysaccharide formation, and b-1,6 glucan synthase, chitin synthases, chitin deacetylases and chitinases. However, some other genes involved in similar general functions are repressed, like um11017 and um02819 (4.2 positive and 2.1 negative fold change, respectively), whose homologues are involved in the formation of a capsule polysaccharide in C. neoformans. These data support the observations made in (Tables 4 and S4 ). The negative regulation of genes encoding proteins involved in polyketide metabolism and proteins with cell wall domains, such as GPI-anchored proteins, and proteins of a cell wall surface anchor family (Table S5) , suggest the occurrence of noticeable changes in cell wall structure during adaptation to an external high pH. We also observed positive regulation of the genes encoding several kinases, like CWH43, CBK1, KSS1, BAG7, RHO3, BEM2, MPKA, RAX1, TEM1 and MOB1 that are involved in cell wall biosynthesis and integrity in yeast (Tables 6 and S6 ).
Cell cycle. Rim101/PacC has been proposed to play a role in the regulation of meiosis in S. cerevisiae (Lamb et al., 2001) . Our data suggest that the cell cycle is arrested, probably to allow adaptation of the cell to alkaline pH through modulation of the systems involved in repairing possible damage and translational initiation and elongation. Accordingly we observed the regulation by Rim101/ PacC of genes encoding cell cycle regulators such as the homologues of the S. cerevisiae genes WHI2 (um11028; 5.2 positive fold change), WHI3 (um04835; 2.9 negative fold 
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U. maydis Rim101/PacC transcriptomic analysis Acyl-coenzyme A oxidase Uma 25.5 3 change), MAD2 (um04047; 2.1 positive fold change) and ESA1 (um05240; 2.1 positive fold change) (see Table 6 ). Of interest is the regulation of WHI3 known to be repressed by Whi2p, since we found that the first was negatively regulated, whereas the second one was positively regulated. It has been shown that both Whip2 and Whip3, together with Mad2p (found here to be positively regulated), arrest the cell cycle (Li & Murray, 1991; Tsuchiya et al., 2011) . It to note that the overexpression of WHI3 leads to the formation of large cells in S. cerevisiae (Garí et al., 2001; Tsuchiya et al., 2011) , a phenotype similar to the one observed in the Drim101 U. maydis mutant (Aréchiga-Carvajal & Ruiz-Herrera, 2005) .
Transcription factors. It could be expected that some of the effects on U. maydis taken to an alkaline pH were not directly dependent on Rim101/PacC, but indirectly dependent on its action on the transcription of other transcription factors. Our results indicated that this might be true, since we observed the regulation of several transcriptional factors by Rim101/PacC. Analysis of the InterPro database identified 63 transcriptional factors, 30 of which were positively regulated, and 33 were negatively regulated. Of these, 26 factors with a putative predicted function are shown in Table 7 . The remaining 37, identified only by their functional domain (e.g. zinc finger, bZip basic, Gal4), are shown in Table S7 . Two of them caught our attention because of their high level of positive regulation, um05846 and um06470, with 11.8 and 29.9 positive fold changes, respectively; however, we could not identify any homologue in the databases. The remaining transcriptional factors are involved in the regulation of nitrate uptake through negative regulation of um02808 and um01908 (2.7 and 2.1 negative fold changes), putative homologues of NirAp and Aab-1p, described as being involved in the response to increase of ammonia and reduction of nitrate in Anabaena sp., and in establishing the levels of glutamate dehydrogenase in S. cerevisiae (Chen et al., 1998; Frías & Flores, 2010) . These data suggest that reduction of a-ketoglutarate and ammonia production downregulate nitrate reductase, allowing nitrate uptake to the gene product of um11105 (2.1 positive fold change; Table S2 ). Carbohydrate metabolism was also regulated as shown by the positive regulation of um03568 (ALCR; 4.6 positive fold change) and um04999 (RSDS2; 3.3 positive fold change), whose homologues contribute to activation of gluconeogenesis over glycolysis, in S. cerevisiae and A. nidulans (Kulmburg et al., 1993; Soontorngun et al., 2007) . Other functions of Rim101/PacC are the transcriptional regulation of transcriptional machinery components, the cell cycle, transcription, siderophore biosynthesis and drug sensitivity. All these data agree with results from Lamb & Mitchell (2003) in the sense that Rim101 regulates gene expression also by regulation of other transcription factors.
Aquaporins. Other genes that might be important for the adaptation of U. maydis to alkaline conditions are those encoding putative aquaporin and Rep1 proteins (um02169, Bca, Beutenbergia cavernae; Cci, Coprinopsis cinerea; Cga, Cryptococcus gattii; Che, Cryptococcus heveanensis; Cne, Cryptococcus neoformans; Fve, Flammulina velutipes; InterPro, database of protein families; Mbr, Marssonina brunnea f. sp.; pFam, database of conserved protein domain families; Rgl, Rhodotorula glutinis; Sce, Saccharomyces cerevisiae; Sre, Sporisorium reilianum; Tte, Thielavia terrestris; Uma, U. maydis. *Rim101/PacC sites found in the promoter region. Ser/Thr kinase Cga 24.5 3 um01508 and um03924), which were found to be positively regulated (2.4, 2.8 and 2.2 positive fold change, respectively; see Table 5 ). These genes seem to be related to those involved in the adaptation to extracellular pH and variations in ion concentration in Xenopus oocytes and Tobacco sp., and reduce water surface tension in U. maydis hyphal cells (Németh-Cahalan & Hall, 2000; Fischer & Kaldenhoff, 2008 Teertstra et al., 2009 ).
Development, differentiation and cytoskeleton. Considering that changes in cell shape occur in mutants deficient in members of the Pal/Rim pathway (Aréchiga-Carvajal & Ruiz- Herrera, 2005) , it was of interest to observe that Rho4p was positively regulated. This protein plays a role in bipolar budding and directing the actin cytoskeleton organization in yeast (Wang & Bretscher, 1995; Imai et al., 1996; Fujita et al., 2004; Jain et al., 2011) . It is linked to the ESCRT pathway in the establishment of budding pattern and chitin ring formation during cell division (Vylkova et al., 2011) . In addition, together with Rho3p (um04070; 2.3 positive fold change) and Bem2p (um01161; 2.2 positive fold change), Cbk1p (um02741; 4.2 positive fold change) mediates polarized cell growth and establishment of cellular morphology (Imai et al., 1996; Jain et al., 2011; Weiss et al., 2002) . In the same aspect, we observed that Rim101/PacCp positively regulated genes encoding proteins involved in the formation of the actomyosin ring, and in actin cytoskeleton organization (Table S8) . Regulation of the actin cytoskeleton seems to occur through the interaction of Rho4p with Bem2p (Gong et al., 2013) , a mechanism coherent with the positive regulation of the (Tables 6 and S8 ). This aspect may be related to a phenotype observed in the Drim101/pacC mutant: the increase in the number of septa (Aréchiga-Carvajal & Ruiz-Herrera, 2005) , a characteristic that probably is linked to alterations in the cytoskeleton organization. In addition, we observed that genes involved in cellular growth arrest, entrance into programmed cellular death and bud-site selection [signalling pathways that are developmental processes not reported before (Tables 6 and S9 )], as well as different types of enzymes (Table S10 ) and genes with unknown functions (Table S11) , are also regulated by the Pal/ Rim pathway.
Some processes not regulated by the Pal/Rim pathway.
Considering the large number of processes that are regulated directly or indirectly by the Pal/Rim pathway, we made an analysis of the cellular processes that are not regulated by this system. Previous results (Aréchiga-Carvajal & Ruiz-Herrera, 2005) demonstrated that rim101/pacC mutants were not affected in virulence to maize or dimorphism, a clear indication that they are not regulated by the Pal/Rim pathway. To these we may add mating, and in general processes that are vital for survival of the organism, taking into consideration that mutants only showed a slightly reduced growth rate. In addition, other different processes that appeared to be independent of the Pal/Rim pathway, since the transcription of genes involved in them was not affected in the pall/Rim101 mutant, were the following (among others): ammonia assimilation, purine and pyrimidine biosynthesis, synthesis of different amino acids including lysine and selenocysteine, some carbon metabolic pathways, such as the pentose phosphate pathway, acetate metabolism, different fermentative pathways, glycogen catabolism, C-3 compounds catabolism, terpene metabolism; different processes involving DNA reactions and the cell cycle such as DNA integration and imprinting, M/G 1 transition in the mitotic cycle, and chromosome condensation; nonvesicular ER transport; some signal mechanisms such as those controlled by proteolysis, c-aminobutyric acid, glutamate, mediated by ion channels, and the ones mediated by mechanical stimuli; and some organ differentiation such as nucleolus and mycelium development (as indicated above).
In summary, our data reveal that of the total 6902 genes of U. maydis, the Rim/Pal pathway, and in consequence Rim101/PacCp, is involved in the regulation of 20.6 % of them, and positively in about 11.6 % of the total genes of the organism. These data reveal a great number of cell functions that permit the adaptation of U. maydis to an alkaline medium. In contrast, some important functions are not under the control of the pathway, possibly because they are not critical for the adaptation of the cells to the alkaline pH stress.
